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, and by the substantial proportion of survivors who experience the long-term sequelae of currently available treatments 2 . New agents need to be efficiently and rapidly evaluated, and the appropriate drug dose, schedule, efficacy and toxicity profile, and pharmacological In 1998, a consensus article on the conduct of phase I studies in children with cancer was published by international investigators in paediatric oncology drug development 5 . The authors of this manuscript reported on the best methodology for the evaluation of the cytotoxic agents most commonly used at that time for children with cancer, establishing principles that are now used in early phase clinical trials for paediatric cancer
. The members of the Innovative Therapies for Children with Cancer (ITCC) Consortium (comprising 51 paediatric oncology units across 12 European countries and Israel 6 ), however, consider that the methodology described in 1998 should change and be adapted to the current era of targeted therapies and immunotherapies. The use of this methodology results in substantial delays in the evaluation of new anticancer drugs in children, and increases the risk of giving a non-active dose, without reducing the risks of toxicity associated with early phase clinical trials. A key challenge, therefore, is the development of a new consensus on the conduct of early phase clinical trials of targeted drugs for children with cancer.
The complexity of anticancer drug development has increased remarkably with the large number of molecular subtype classifications currently defined for most malignancies, and the advent of combination therapies, companion diagnostics, and immunotherapies. Nevertheless, the number of MTAs being evaluated each year has grown considerably 7 . As of July 2016, more than 70 MTAs had been approved by the FDA and European Medicines Agency (EMA) for the treatment of cancers that usually occur in adults, but only three agents had been approved for the treatment of childhood cancers 8, 9 : imatinib for chronic myeloid leukaemia (CML), everolimus for subependymal giant-cell astrocytoma, and dinutuximab for neuroblastoma 8, 9 . Furthermore, despite the changes in the landscape of oncology prompted by the adoption of precision-medicine approaches, new drugs are only slowly integrated into phase III trials in paediatric populations, and MTAs have not been introduced into frontline therapy for many paediatric properties need to be determined. Progress will be fragmented and slow unless the mechanisms to conduct these assessments are agreed upon. Novel anticancer agents comprise different drug classes, including small-molecule tyrosine-kinase inhibitors (TKIs), drugs targeting epigenetic alterations, immune-checkpoint inhibitors or monoclonal antibodies, among others 3 . The goal of contemporary paediatric oncology is to achieve a comprehensive therapeutic approach that integrates drugs targeting cancer vulnerabilities with inhibitors of processes driven by genomic and/or epigenetic alterations, and also involves anticancer immune responses 4 .
O P I N I O N
Early phase clinical trials of anticancer agents in children and adolescents -an ITCC perspective malignancies with a poor prognosis
. Nevertheless, MTAs (for example, inhibitors of BCR-ABL1, ALK and BRAF, and bispecific T-cell engagers) are increasingly used to treat paediatric patients. The design of first-in-child trials needs to be adapted to enable efficient evaluation of such agents while maintaining safety. Trial designs that differ from those required with cytotoxic drugs must be adopted when using treatments matched to the molecular characteristics of a tumour. MTAs have different toxicity profiles to cytotoxic agents (predominantly non-haematological toxicities). Moreover, in general, the efficacy of MTAs does not increase with dose augmentation, and their therapeutic index is wider than that of cytotoxic agents [10] [11] [12] . An important consideration is that all patients who meet the enrolment criteria and wish to receive these new drugs should be offered the opportunity to participate in such clinical trials, in order to increase the therapeutic options available for children and adolescents with relapsed disease.
Major changes have occurred in relation to paediatric early phase clinical trials, resulting in a new landscape for anticancer drug development for children. Globally, all stakeholders (academia, the pharmaceutical industry, parents or carers, patient advocates, regulatory agencies, public-health agencies, researchfunding agencies, and philanthropic organizations) are working closely together to accelerate drug development for children and adolescents 13, 14 . In North America and Europe, new regulations aimed at encouraging the interest of the pharmaceutical industry in conducting studies with children have been implemented, including the European Paediatric Medicine Regulation EC No. 1901 /2006 and, in the USA, the Best Pharmaceuticals for Children Act (BPCA) 19 , the Paediatric Research Equity Act (PREA) 20 , and the Creating Hope Act.
resulting in an enhanced protection against undesirable adverse events 24 . Upon completion of phase I studies, drug activity is traditionally evaluated in single-arm phase II studies. These single-arm phase II trials typically enrol 25-60 patients and lead to response rates, data of which are then compared with historical data. This comparison is frequently problematic owing to differences in patient populations and context, resulting in unclear conclusions and leading to testing of agents in multiple phase II studies in different relapsed disease settings before reaching frontline trials.
Disadvantages of the process for evaluating new drugs in children. Drug development in paediatric oncology is largely driven by the availability of drugs developed or marketed for adults, rather than on the basis of the drug mechanism of action (MoA) 25 . Moreover, the current process for evaluation of new anticancer drugs is not suitable for paediatric studies of MTAs and immunotherapeutic agents. Firstly, most toxic effects that arise from MTAs are not necessarily dose-related, but rather class-related 26 . Tolerable doses of MTAs for paediatric patients are often equivalent to those for adult patients corrected for body surface area (BSA), resulting in the same pharmacokinetic (PK) values (area under the concentration-time curve and trough levels) for both children and adults. In a published analysis 24 of the MTD for 25 MTAs approved by the FDA or EMA for adult cancers and evaluated in paediatric cancers up to 2012, we demonstrated that, for 75% of those MTAs, the established RP2D for paediatric patients was 90-130% of the BSA-adjusted approved dose for adults. Importantly, in this report we also showed that the toxicities associated with the administration of these MTAs to children were the same as those observed in adult patients, and the values of the main PK parameters were comparable for children and adults 24, 27 . Of these 25 drugs, sunitinib was the only one for which DLTs were observed in children at lower dose levels than in adults. Despite similar PK parameters, the main toxicities associated with sunitinib treatment also differed: myelo suppression and elevated transaminase levels were the most commonly reported toxicities in children compared with fatigue and gastrointestinal symptoms in adults. The mechanisms underlying these differences are uncertain. Furthermore, the choice of patient population -heavily pretreated children with relapsed and/or refractory
Current process in paediatric trials
The development of drugs for paediatric patients remains largely centred on adult conditions (with the exception of anti-GD2 targeted therapies for neuroblastoma 21 ) and, thus, most drugs that reach paediatric clinical development have already been extensively explored in adult trials. In spite of the motivation of regulatory bodies and clinicians to initiate first-in-child studies for any given drug upon completion of first-in-man trials, the reality is that phase I trials in children generally start after pivotal phase III studies in adult patients are near completion; this situation substantially delays the access of these new therapeutic agents to children and adolescents.
Phase I -dose-escalation. In paediatric oncology, drug-evaluation processes usually begin with a dose-escalation phase, using methods such as the 3 + 3 method 22 or the rolling six method 23 , in which drugs are administered at multiple dose levels until a maximum tolerated dose (MTD) and recommended phase II dose (RP2D) are identified. The starting dose in dose-escalation studies with children has conventionally been 80% (and frequently below) of the adult RP2D 5 . Classic dose-escalation designs were developed for cytotoxic drugs, for which the main toxicities are often dose-related (for example, haematological toxicities); the main objective of these designs was to prevent and/or limit severe toxicities by ensuring that only small groups of patients receive increasing doses of the agent(s). This approach, although successful with some drugs, has sometimes resulted in long phase I trials with many dose levels tested, multiple episodes of suspended recruitment while patients waited for assessment of dose-limiting toxicities (DLTs), and the requirement of large numbers of patients (TABLE 1) . Hence, for MTAs the use of this classic dose-escalation model based on the identification of DLTs and the definition of an MTD has slowed progress while not The term 'early phase clinical trial' encompasses the first stages of the clinical development of a therapeutic agent, in which results about optimal dosing, toxicity profile, pharmacodynamic biomarkers, and early signals of antitumour activity are collected before transitioning to 'late-stage' phase II or III trials aimed at determining the antitumour efficacy of the therapeutic agent.
An early phase clinical trial has two principal components: • A dose-confirmation or escalation-confirmation phase, in which the toxicity profile, the recommended phase II dose and preliminary pharmacokinetic (PK) parameters are determined • Expansion cohorts, in which additional PK, pharmacodynamic, and safety data and, importantly, early signals of antitumour activity, are obtained solid tumours -might have contributed to this finding 28, 29 . Thus, the methods to determine the dosing of MTAs for clinical trials involving children need to be revised for some targeted agents for which the RP2D for adults is not based on toxicity and is below the MTD. For such agents, the dosing for children can begin at the BSA-adjusted RP2D for adults. A further consideration is that MTAs are evaluated in paediatric patients at doses below those already established to be active in adults, an approach that raises ethical concerns because therapeutic intent should be central to studies in children 30 
. Herein, we propose that the starting dose for most agents in paediatric oncology trials should be a dose equivalent to the minimally active target exposure determined for adults.
One of the most challenging areas in paediatric drug development is the evaluation of pharmacological differences and the risk of toxicities affecting development in children younger than than the adult MTD/RP2D, while at the same time not protecting paediatric patients from unacceptable, unexpected, or paediatric-specific toxicities.
Proposed new framework
Objectives of first-in-child studies. The main aim of first-in-child studies is to determine the toxicity profile, the RP2D, and optimal dose-scheduling of a new drug in children before other features are evaluated. For determination of the RP2D, available data related to the toxicity profile measured at all treatment cycles (and not only the first one), including PK, pharmacodynamic (PD; target inhibition), biomarkers and preliminary data about activity, can be taken into account. For a number of drugs in which biological activity has guided the determination of the RP2D for children, establishment of a MTD is not required because biological activity can be achieved at doses below the MTD. Thus, in paediatric trials of MTAs, a drug-escalation phase to determine the MTD can be avoided, and an RP2D based on the integration of available toxicity, activity and biomarker-related data extrapolated from studies in adults can be used instead 34 ; much of this information can be confirmed in later phases of the drug-development process in children.
Initial dose for first-in-child early phase clinical trials. For paediatric patients, the RP2D of most MTAs ranges between 90-130% of the BSA-adjusted approved dose for adults and, in the absence of DLT, is often based on PK and PD end points 24 . This observation, together with the fact that the short-term safety profiles and DLT described in paediatric phase I trials are similar to those reported for adult patient populations, means that identifying toxicities in children not previously documented in adults is very rare. Furthermore, owing to an absence of DLT, a MTD is never identified in 25% of paediatric dose-finding trials of MTAs 24 . If the toxicity profile and the PK parameters observed in children treated at the RP2D established for adults are similar to those observed in adults, a dose-escalation to the MTD established for adults is not required, unless a doseactivity relationship has been documented in adults. We therefore recommend that, when possible, paediatric first-in-child studies of MTAs should start at 100% of the BSA-adjusted equivalent approved RP2D for adult patients (FIG. 1) . In some specific situations, the benefit-risk ratio should be weighed against this recommendation. For 3 years of age 31 . The limited number of infants and young children who participate in early phase clinical trials poses practical difficulties in addressing PK differences at each dose level, or even during the whole dose-escalation trial. In a report from eight large ITCC centres 32 , only nine of 270 (3.3%) patients participating in dose-determining trials were <3 years of age. In addition, the evaluation of developmental toxicities requires long survival and follow-up durations, and is therefore studied in late-phase or upfront trials. For some agents with response rates greater than 50%, however, data on developmental toxicities should also be collected in early phase trials 33 . In summary, trial designs that require systematic dose-escalations have proved not to be efficient for the development of MTAs or immunotherapeutic agents in paediatric clinical trials; such designs add unnecessary time to the duration of studies, and require some patients to be treated at doses lower
Box 2 | Precision medicine in children and adolescents
Precision medicine can be defined as the therapeutic decisions guided by the molecular or genomic features -and not by the clinicopathological features -of a tumour. Central to precision medicine for paediatric malignancies is the understanding of the molecular pathways and key drivers of the disease, focusing on aberrations that demonstrate a proof of 'tumour dependence'. Key considerations include:
• The genetic and epigenetic repertoire of driver mutations specific to childhood malignancies differs from that underlying more-common malignancies in adults. As a result, many anticancer agents developed for adult patients are not effective in childhood cancers • Childhood tumours harbour, on average, a 100-fold fewer mutations than adult malignancies 108 • Information on the presence of actionable target mutations can be obtained; the challenging task is the determination of the functional relevance of those mutations (for example, in tumour-cell survival or tumour-host interactions) Currently, precision medicine in paediatric oncology is focused on actionable target mutations, particularly those for which drugs developed for adult cancers are available (for example, ALK or BRAF); these actionable target mutations can be detected in ~10% of tumours [84] [85] [86] [87] . The major current challenges in implementing precision medicine in paediatric oncology include the focus on only a few actionable mutations, the presence of multiple alterations in each patient, and the limited access to targeted agents. The number of targeted anticancer drugs available to target drivers of childhood cancers is limited -a hurdle that needs to be overcome to successfully apply precision medicine principles. To address this need, the multiple-agent ITCC European proof-of-concept Therapeutic Stratification Trial of Molecular Anomalies in Relapsed or Refractory Tumours (ESMART) study (NCT02813135) 58 is not restricted to patients with predefined molecular alterations. On the contrary, the secondary objective of this study is to compare outcomes of patients with molecular abnormalities, matching the treatment to those without druggable targets.
Despite important progress being made, drug development for children with cancer is still focused on clinical research on adult conditions. A recent analysis suggests that 54% of new anticancer agents, whose evaluation in children was waivered, had a target or mechanism of action that, on the basis of existing molecular data (A.D.J.P., S.M.P. and G.V., unpublished results), would warrant paediatric development. In a mechanism-of-action-based approach to drug development for children and adolescents with cancer, all hallmarks of cancer including epigenetics and immune evasion should be targeted.
We propose that prioritization of targeted agents should be facilitated by an international Paediatric Strategy Forum. The output of a Paediatric Strategy Forum would provide an overview of the landscape, which would facilitate sharing of information across all stakeholders, and would also advance learning, informing subsequent decisions.
example, therapeutic agents associated with specific, serious, dose-related toxicities, or a narrow therapeutic index should have dose-escalation initiated at 80% of the RP2D for adults and increased to 100% and 120%, if indicated (FIG. 1) . Examples of such agents include blinatumomab 35 , moxetumomab 36 or EGFR inhibitors 37 . In this context, the therapeutic index is defined as the ratio between the highest dose of the drug that results in no toxicity and the dose that produces the desired efficacy 38 . This recommendation is supported by the results of 25 dose-finding trials performed since 2003 by ITCC members, and by the conclusions of a systematic review of paediatric dose-finding studies (published in 2013) 24 , which indicate that, for MTAs, starting at low doses does not result in the prevention of severe toxicities.
We propose an approach aimed at obtaining the maximal amount of information from adult studies, extrapolating from existing data when possible -an approach supported in 2016 by the EMA 34 . Such extrapolation is feasible for studies of MTAs for conditions that affect both adults and children (such as CML), or which share molecular aberrations (for example, cancers with BRAF mutations, such as melanoma and high-grade glioma 39 ). Thus, for many drugs with a wide therapeutic index (approximately 25% of MTAs), only a dose-confirmation study with a limited sample size needs to be conducted. For example, in a study with ten patients, the risk of missing adverse events with a ≥33% prevalence and the probability of not identifying a drug with a ≥30% activity-rate would be as low as 5%. Furthermore, the sample size would enable the estimation of key PK parameters (provided that the PK parameters in adults are known 40 ), and the determination of the RP2D for children (if the safety profile and PK parameters are equivalent to those in adults; FIG. 1 ). In these conditions, escalating up to the MTD in children is not necessary than the MTD was lower in CRM-based trials than in trials based on the 3 + 3 or the accelerated-titration design 22 . In the accelerated titration design, before the first DLT is observed, dose levels are escalated after each new patient tolerates the treatment (no grade >1 toxicities); after the first DLT, the design reverts to the classic 3 + 3 design 55 .
To date, similar comparisons in paediatric oncology have not been established because of the difficulty associated with selecting a method that is not independent of the type of agent tested, and the difficulty in estimating the required number of doses to be tested. The rolling six design, however, would be acceptable if a limited number of dose levels were to be explored and patient accrual was not too fast; in this situation, more than six patients at the RP2D dose would be required for the PK parameters to be evaluated (TABLE 2; Supplementary information S1 (table)).
Inclusion of expansion cohorts. The addition of expansion cohorts of patients with homogeneous characteristics provides additional PK, PD, and safety data that are similar to those obtained in phase II settings, and enables the identification of early signals of antitumour activity 56 . The aim of incorporating these cohorts is to enrich the patient population that have tumours (or genomic aberrations) with a maximal probability of response on the basis of molecular characteristics 39 , or to detect first signals of drug activity in diseases of interest. The size of the expansion cohorts can be defined according to statistical calculations in order to achieve enough statistical power to inform on 'go/no-go' decisions 57 . In the context of biomarker-enriched trials, the use of expansion cohorts provides evidence that, although not definitive, supports further development of a particular drug. When the characteristics of the paediatric population are similar to those of the adult cohort in which the PK parameters have been established, a smaller sample size can if this dose is higher than the RP2D. Studies with small cohorts can provide sufficient information to proceed to later-phase studies to define drug activity and efficacy, as exemplified by studies with nilotinib 41 . Most monoclonal antibodies do not generally require a dose-escalation phase; for example, the evaluation of brentuximab (for CD30-positive lymphomas) 42, 43 and antibodies against IGF-1R 44-48 for paediatric patients required only small-dose confirmation studies. Regardless of agent class, if the RP2D for adults is not based on toxicity and is below the adult MTD, then the dosing for children can begin at the BSA-adjusted RP2D for adults.
In the absence of particular safety issues, trial designs that involve the study being closed for substantial periods of time should not be used, because waiting for trial allocation is an additional burden for patients and their parents or carers. Uninterrupted trial recruitment should be a priority as soon as a trial is deemed safe (for example, after the first dose-level or cohort of patients is analysed).
New dose-escalation designs, such as the Bayesian logistic regression model (BLRM) 49 , or the continuous reassessment method (CRM) 50 , can maximize the efficiency of the dose-escalation phase. CRM-based extensions have the advantage of incorporating events that occur after the first treatment cycle, if needed, and provide a useful tool to monitor the risk of toxicity during the expansion cohort. Several studies that use simulations have shown the superiority of the BLRM and CRM designs over the 3 + 3 or the rolling six methods in the context of paediatric trials [51] [52] [53] [54] . A review of 84 first-in-man, phase I trials of MTAs with adult patients revealed that the number of trials using CRM to determine the median number of dose levels was double the number of trials using the 3 + 3 method; with a similar median number of patients enrolled for both trial designs, the number of patients treated at doses higher Median duration of the trials that only had dose-escalation cohorts (n = 54; months) 27.5 5-73 n = 92 trials, with 112 dose-escalation cohorts (some trials had several parallel dose-escalation cohorts). *I.J. and X.P., unpublished results.
be sufficient to validate the PK estimates. For drugs with a large therapeutic index, dose-confirmation in patient populations selected according to tumour histologies or molecular profiles will enable the assessment of therapeutic activity in these patient subgroups.
The go/no-go decision rules affecting the expansion cohorts need to be defined in the study protocols, particularly if this decision is also based on signs of antitumour activity. Once the RP2D has been determined, expansion cohorts are established for patients with disease or molecular subtypes that match the biological rationale for the drug's MoA, or for whom an indication of antitumour activity has been obtained in the dose-confirmation/escalation phase. A design with go/no-go decision rules dependent on drug activity can be applied to the expansion cohort. For example, we are implementing an Ensign three-stage design 57 in the multiple agent ITCC European Proof-of-Concept Therapeutic Stratification Trial of Molecular Anomalies in Relapsed or Refractory Tumours (ESMART) study (NCT02813135) 58 . In this study, cohorts of ten patients (including those from the dose-confirmation study) are being recruited and will receive the RP2D. If no responses mutations in BRAF, or ALK inhibitors in anaplastic large-cell lymphoma (ALCL)), a small, enrichment expansion cohort will be sufficient to determine whether the drug is active (on the basis of response rate). Conversely, in trials testing inhibitors of cell signalling pathways, and in the absence of a predictive biomarker (for example, MEK or PI3K inhibitors in unselected populations), expansion cohorts might not be sufficient to determine single-agent activity. Single-agent studies with these drugs might only enable documenting inhibition of a PD target when performed in a cohort of patients with homogeneous characteristics who all receive the same dose. On the basis of these results, the study would then progress to an early phase combination study, which would be required for the detection of antitumour activity. In the absence of a highly predictive biomarker and/or when resistance to monotherapy is frequent, drug combinations have to be tested as early as possible to prevent recruiting patients to single-agent expansion cohorts with a low probability of therapeutic activity; this approach is being adopted in new trials 59, 60 . The potential activity of a drug in a single-agent regimen depends on its MoA. For some drugs, antitumour activity can be expected from monotherapy (for example, agents targeting the product of a key oncogenic driver (such as BRAF or ALK) but, for others, a combination study is required. General assumptions cannot be made, but a drug should not be disregarded early if it is expected to be active only in combination regimens. Trials in which expansioncohort studies are combined with doseconfirmation studies are similar to phase I/ II trials; we propose to refer to these trials as 'early phase clinical trials' (BOXES 1,4; FIG. 1 ).
Later phases of drug development. In single-arm phase II trials, the success or failure criteria define a clinically acceptable response rate that would lead to further evaluation of the drug. Such criteria are always estimations based on historical data, which often underestimate the real effect of standard treatment 61 and thus, randomized phase II trials are preferred 62 . Given the low incidence of paediatric cancers, novel designs (such as Bayesian or two-stage minimax Jung designs) 63, 64 can be used to minimize the sample size to 25-35 patients per cohort 65, 66 . Randomized phase II trials are feasible approaches to evaluate new drugs in the first-relapse setting for most paediatric patients with a poor prognosis, in whom the outcome are observed in these first ten patients, further evaluation of the drug will then be postponed or abandoned. If responses are observed, a further 16 patients will be enrolled, and an interim analysis and an early stopping rule have been incorporated. The first advantage of the three-stage design is that the ten patients treated at the RP2D in the dose-confirmation -or possibly dose-escalation -stage can be evaluated for response; therefore, this design is driven by a statistically and clinically sound rationale with the aim of facilitating the transition from the dose-confirmation/escalation phase to the expansion cohort. Given the low rates of patient accrual in paediatric clinical trials, the second advantage of a three-stage design is that it enables a frequent examination of the data, and offers the possibility of stopping the trial of an inefficient drug early in the evaluation process. Alternative designs, such as Bayesian approaches, can also be adopted, as long as data provided at the end of the trial are reliable and enable initiation of further comparative, practice-changing trials (FIG. 1) .
In trials testing agents targeting specific oncogenic drivers present in tumours with a well-defined predictive biomarker (such as BRAF inhibitors for gliomas harbouring
Box 3 | Ethical aspects related to early phase clinical trials in paediatric oncology
Ethics should guide all aspects of early phase clinical trials within the legal framework 30 . The scientific information gained from an early phase clinical trial must be weighed against ethical aspects, which can be broadly grouped into four areas: research ethics, legal and ethical consistency, professionalism, and consent. The following aspects always need to be considered: • The research objectives and underlying scientific rationale must be strong • Therapeutic intent is central to early phase clinical trials in paediatric malignancies • Enrolment in an early phase clinical trial is an option to be proposed to the patient and his/her parents or carers • The availability of tumour material at the time of enrolment in an early phase trial will enable the maximal knowledge to be obtained from the study • The inclusion of ancillary/biological studies (tumour analysis and pharmacodynamic (PD) studies) increases the scientific value of early phase clinical trials, and thus, the future use of the drug. For example, genetic variability of drug metabolism, or mechanisms of drug resistance are central questions that should be studied as early as possible during the development of a therapeutic agent • Information on PD biomarkers can be obtained noninvasively or by blood sampling. Liquid biopsies have an important potential role as they might provide relevant molecular diagnostic, prognostic, and predictive information, and can be used during treatment to predict response and/or resistance to treatment with minimal distress to the patients A way forward should be developed so that early drug development can be efficient and based on scientific information from PD and biological studies, while abiding by ethical constraints:
• The evaluation of drugs in paediatric patients at doses substantially below those established to be active in adults raises ethical concerns, as therapeutic intent is central to studies in children.
A dose equivalent to the minimum active dose in adults should be the mandatory starting dose for children with most agents • Protocols should be designed with the aim of minimizing aspects related to distress for patients and their environment (for example, number of hospital visits, uncomfortable tests, frequent sedations, painful procedures, or the number of diagnostic procedures) Nature Reviews | Clinical Oncology
Step 69 or rhabdomyosarcoma 70 . The recruitment of sufficient numbers of patients is a challenge in studies of tumour types with low incidence, or studies associated with better outcomes, such as acute lymphoblastic leukaemia or Wilms tumour -a situation that supports the need for global studies. Even small, randomized trials provide better evidence than single-arm trials 65, 66 . The major advantage of a randomized phase II trial is that it provides more solid evidence of drug efficacy compared with single-arm trials, in which the estimations for considering an agent successful or unsuccessful are based on historical controls; hence, performing randomized phase II trials will eventually result in the requirement of smaller cohorts to make the decision of whether the drug should further be evaluated in a phase III trial. Herein we propose an approach whereby only single-agent regimens or combinations that show initial signals of activity in the expansion-cohort phase of an early phase clinical trial should be taken forward to randomized phase II trials. With this approach, therapeutic agents can move from first-in-child to frontline-therapy trials in only three steps. studies involving children (for example, drugs against targets specific to paediatric cancers, such as MYCN 75 ). Liquid biopsies might provide opportunities to conduct sequential PD studies in children without performing repeat tumour biopsies 76 . Also, studies in children have included functional imaging as a non-invasive approach; for example, dynamic contrastenhanced MRI in a study of pazopanib 77 , or tumour-perfusion assessment by MRI in a study of vandetanib 78 . Extrapolation of post-treatment PD data from adult patients (with confirmation of comparable PK data in adults and children) should also be considered. When a predictive or PD biomarker for a targeted agent has not been found to correlate with therapeutic activity, exploration of this relationship could continue during later stages of development of the drug. Similarly, a biomarker that has been identified as an exploratory end point in an early phase trial should be validated in later stages of drug development.
Genomic studies in tumours
The availability of tumour material at the time of enrolment in an early phase trial increases the overall amount of information that can be obtained from a study. Samples of the tumour taken at clinical presentation can be relevant for some characterizations, but the use of such samples is usually deemed inappropriate, because evidence indicates that clonal evolution occurs in the vast majority of tumours in children [79] [80] [81] ; tumour heterogeneity, which is very
The pharmacological audit trail The pharmacological audit trail is a paradigm applied in drug development for adult patients that is being adopted in early phase studies in children, including the ITCC ESMART study 58 . This approach incorporates a biological rationale into early clinical trials by including a continuous bench-to-bedside and back-again strategy incorporating predictive and PD biomarkers, with the aim of accelerating and improving drug development 71 . PD biomarkers demonstrate target inhibition and feedback into dose-escalation through continuous measurement. Pharmacogenetic studies that explore the variability of individual responses to new drugs (at the level of drug metabolism) should be incorporated into paediatric trials. Biomarkers need to be incorporated in paediatric early phase clinical trials 72 ; importantly, data derived from predictive and PD biomarkers obtained in clinical trials with adult patients must be applied in children, if relevant The aim of this design is to evaluate therapeutic agents by assessing toxicity and antitumour activity (>30% and never <10% at any stage). Expansion cohorts are defined by molecular characteristics or disease entities. Patients in the dose-confirmation study can be included in the expansion cohort if they received the recommended phase II dose (RP2D) for paediatric patients. A molecularly targeted agent (MTA) or immunotherapeutic agent without serious, dose-related toxicities and a wide therapeutic index has a starting dose of 100% of body surface area (BSA)-corrected RP2D for adults. By contrast, an MTA or immuno therapeutic agent with serious, dose-related toxicities and a narrow therapeutic index has a starting dose of 80% of BSA-corrected RP2D for adults. Doseescalation is performed using a Bayesian logistic regression model (BLRM) or continuous reassessment method (CRM).
frequently present, also needs to be taken into consideration 82 . The requirement of tumour samples taken immediately before study entry, however, needs to be placed within the context of the agent being studied, the objectives of the clinical trial, the ethical justifications for tumour sampling, and the clinical status of the patient population being studied. The use of liquid biopsies (analysing, for example, circulating cell-free DNA 83 ), with samples collected sequentially during an early phase trial, is a promising approach that is currently applied in studies with paediatric patients. Initiatives from the ITCC and other groups are now in place to routinely molecularly profile tumours at relapse [84] [85] [86] [87] [88] [89] . The use of these protocols will provide information regarding the evolution of the tumour and its heterogeneity and, in addition, will help to determine if actionable mutations are present after treatment, thereby identifying potential MTAs for future precision-medicine studies with stratified groups defined by molecular enrichment and/or predictive biomarkers.
Considerations on age groups
Infants and very young children <2 years. Compared with older children and adults, renal and hepatic functions are different in children younger than 3 years of age 90 ; thus, drug metabolism and PK profiles can differ in cohorts incorporating patients in this age group. The collection of PK data from children younger than 3 years of age is required, in particular, for agents indicated for malignancies occurring at younger ages, such or osteosarcoma, adolescents have been allowed to participate in phase I studies predicated on adults. This strategy is a valid means to accelerate drug development for the adolescent patient population, while ensuring that the population of interest is well-represented. For example, adolescents older than 12 years with Ewing or other sarcomas were included in phase I trials of anti-IGF-1R monoclonal antibodies 44 . Also, trials of the mTOR inhibitor CC-115 included an expansion cohort for patients with Ewing sarcoma that included adolescents 94 , as did studies of nivolumab in melanoma 95 and ALK-positive malignancies (ALCL and sarcomas; CREATE) 96 . Building on this approach, for agents with a relevant MoA, adolescent patients should be included in phase I trials for adults after the dose-escalation phase is completed; this approach should complement paediatric evaluation. We propose that additional therapeutic opportunities will be provided if adolescents are included in phase I, II, or III trials for children, and if young-adult patients participate in phase II or III trials for paediatric patients, especially if their diagnosis matches a predominantly paediatric cancer type (such as medulloblastoma).
Some malignancies common in adults are rare in the paediatric population and occur infrequently in adolescents (for example, metastatic melanoma or thyroid cancer). When a drug developed for such conditions is to be evaluated in children and adolescent patients with the same condition (and possibly at the same time as rhabdoid tumours or infant leukaemias 91 .
Owing to the low frequency of disease relapse in this population, the early phase trial protocol should not predefine the number of infants (children under 2 years of age) to be enrolled; this data should be collected in later phase studies. In trials involving infants, PK data should also be collected during the expansion cohort or subsequent studies. Hence, trials of anticancer agents in children should not be stratified in age cohorts.
Adolescents. The upper age limit for enrolment in paediatric early phase clinical trials, although not based on medical or biological grounds, is often below 18 years -also the lower age limit of many phase I studies with adults. A distinction between paediatric and adult populations is understandable, but studies should be adapted to the population of interest. A first-in-child early phase study with the objective of defining the dose and PK profile for paediatric patients should include only children and adolescents.
Conversely, the 18 years of age 'boundary' should not exclude the access of adolescents (12-17 years old, according to the International Conference on Harmonization E11) 92 from early trials of new anticancer agents of interest. The PK, PD, and toxicity profiles of drugs are very likely to be similar in adolescents and adult patients 93 . For studies with a strong biological rationale, or for malignancies that affect adolescents and young adults (12-24 years of age), such as Ewing sarcoma, Hodgkin lymphoma, high-grade glioma, soft-tissue sarcoma The MTD of gefitinib has been defined; this agent has a wide therapeutic index and the effective dose is different to the MTD in adults. § The MTD of sunitinib has been defined; this agent has a narrow therapeutic index and the effective dose is very close to the MTD in adults. AUC, area under the curve; DLT, dose-limiting toxicity; MTD, maximum tolerated dose; PD, pharmacodynamic; PK, pharmacokinetic; RP2D, recommended phase II dose.
point as in adults), one of the objectives of the study is to demonstrate that the drug has similar toxicity, PK, and PD profiles in children, adolescents and adults and Finally, a malignancy common in adults might be rare in children and adolescents, but the drug developed to treat that condition might be relevant for other paediatric hence, a dose-confirmation -and not a dose-escalation -study is required. PK modelling is a useful tool to improve and reduce the required cohort size.
Box 4 | Summary of recommendations

Trial design
• Tailor to specific drug/target/condition; no longer 'one size fits all' Selection of candidate drugs for first-in-child trials • Prioritization driven by tumour biology • Drug selection according to molecular pathways, tumour biology, and key drivers of paediatric malignancies • The preclinical data required to initiate first-in-child trials with a therapeutic agent is variable and has to be adapted to each target/drug/malignancy Early phase trials • In paediatric oncology, early phase trials encompass first-in-child and phase II elements
Objectives and end points
• The main aim is to determine the RP2D and schedule for further evaluation, and the toxicity profile. The inclusion of expansion cohorts enables additional PK, PD, and preliminary drug-activity data to be obtained; this latter information will be completed in later phases of drug development Tumour molecular profiling • Essential at enrolment in early phase trials • Tissue should be collected at the time of diagnosis and relapse and, when possible, at study entry and at disease progression
Extrapolation from adults
• Early phase trials can serve to validate dose and pharmacological findings from trials in adults Dose-escalation • Shortened using novel, adaptive designs • Designs that involve frequent closure periods or waiting lists must be avoided • In the absence of specific dose-related toxicities or a narrow therapeutic index, first-in-child trials should start at 100% of the BSA-adjusted equivalent RP2D approved in adults (short dose-confirmation studies) • In the presence of dose-related toxicities or a narrow therapeutic index, dose-escalation should generally start at 80% of BSA-adjusted adult-approved RP2D, then increased to 100% and 120% • Age-defined cohorts are not required
Expansion cohorts
• Safety, PK, PD, and preliminary drug-activity data need to be collected in homogeneous expansion cohorts • Promising agents tested can then progress directly into randomized phase II studies
Definition of DLTs
• DLTs have to match the expected toxicity profile of the drug • Toxicities occurring beyond first cycle, or relevant low-grade toxicities must be considered. DLT should be based on first cycle and serve to identify the MTD. Toxicities occurring beyond first cycle must be considered for the decision of the RP2D and incorporated to the definition of DLT on an individual drug-by-drug basis
Adolescents and young adults
• A key objective of studies with this age-group is to show whether the PK and toxicity profile is the same as for adults • Dose-escalation studies are not required • Adolescents >12 years of age should be eligible for phase I trials in adults after the dose-escalation phase is completed, if the mechanism of action of the drug or the tumour type of interest indicate patients might benefit
Infants
• Pharmacology must be carefully studied in this patient population; however, the participation of infants in early trials is infrequent. Hence, the collection of PK data should continue through late-phase trials
Biomarkers
• Predictive biomarkers should be used to select the patient population most likely to benefit from drugs targeting oncogenic drivers • PD biomarkers are crucial to demonstrate target inhibition and inform on whether to pursue late-phase trials of a therapeutic agent • PK analyses address drug metabolism in children, particularly in younger patients including infants • Functional imaging can provide non-invasive biomarkers • Biomarkers that guide treatment decisions need to be thoroughly validated BSA: body surface area; DLT: dose-limiting toxicity; PD, pharmacodynamic; PK, pharmacokinetic; RP2D: recommended phase II dose
cancers. An MoA-based drug-development approach focusing on targets present in different diseases frequent in children and not on single diseases in isolation -for example, dabrafenib in high-grade and low-grade gliomas harbouring BRAF V600E , and Langerhans cell histiocytosis -would overcome these challenges 39 .
Late toxicities
Concerns about late toxicities in children, affecting areas such as growth, development, or neurocognition, which cannot be appropriately addressed in first-in-child studies, might arise with new MTAs; however, toxicity data beyond the first cycle and in surviving patients should be collected. In situations with specific concerns, appropriate monitoring (for example, bone age, growth plate or dental studies) should be implemented. For instance, several antiangiogenic agents have been evaluated in children, but only two agents (sunitinib and pazopanib) have been associated with alterations of the growth plate that were observed during a phase I trial 97 . As a result, increased monitoring of bone and musculoskeletal growth has been incorporated into ongoing phase II trials for bevacizumab and pazopanib 98, 99 . The real long-term effects of these changes, however, will only be evaluated when these agents have been investigated in frontline studies and in larger populations -including long-term survivors. Another example is that of the Sonic hedgehog inhibitors vismodegib and sonidegib, which were shown to cause irreversible closure of growth plates in animal models 100 . These results, however, were not confirmed in first-in-child trials 101, 102 , and data from phase II trials are awaited 103 . Finally, long-term growth delay has been reported after the chronic use of the TKI imatinib 104 . Such toxicities can only be identified after long-term surveillance (and possibly prolonged use) of the drugs and, therefore, will not be easily identified during early clinical trials but rather, in late-phase trials or during the post-marketing authorisation phase. Early phase clinical trial designs must take into account the anticipated life-expectancy of patients and consider the balance between incorporating rigorous assessments to detect emerging toxicities and being too burdensome for study participants.
The long-term tolerance of new drugs is of even greater importance for children in whom cancer becomes a chronic disease (CML is the prime example). Growth retardation has been reported with some or umbrella studies. These approaches would enable drugs to transition from first-in-child to frontline-therapy trials in only three steps. Importantly, therapeutic intent is central to the design of early phase studies in children; safety and therapeutic activity remain as key objectives, whereas the duration of the trial is minimized. The probability of overdosing or underdosing will be reduced when the probability of patients receiving optimum therapeutic doses is increased. This approach is ethically desirable for the evaluation in children of drugs for which an active dose has already been established in adults, and is being applied in ESMART.
Some anticancer agents developed to treat adults in the past few years cannot be used to treat cancers in children because the genetic and epigenetic repertoire of driver mutations of childhood malignancies differs from that of malignancies common in adults. Indeed, a limited number of available anticancer drugs target the oncogenic drivers of paediatric cancers; therefore, another key challenge of precision medicine in paediatric oncology is the development of drugs that target such driver mutations. An MoA model of drug development alongside innovative and rationally designed early phase studies will radically accelerate the development of anticancer drugs for children and adolescents. , is implementing long-term follow-up measures for children and adolescents receiving new anticancer drugs. In this platform, a system for the long-term monitoring of the low number of survivors of paediatric early phase clinical trials has been proposed. This initiative requires coordination between academia and the pharmaceutical industry, and compliance with drug regulations.
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Conclusions
In the past 15 years, the landscape of drug development for children with cancer has changed remarkably. The methodology used in drug development must be adapted to this new landscape, providing more-efficient results and answers to ethical aspects 107 . MTAs and immunotherapeutic agents require a new paradigm of drug development based on MoA and tumour biology 25 . In parallel with adopting this approach for the selection of new agents, early phase clinical trials must include dose-confirmation studies at the BSA-adjusted RP2D for adults, and expansion cohorts that integrate evaluation of the response rate with biomarker-defined end points to address biological hypotheses. In many situations, the aim of a study is the validation of the dose determined for adults for use in a paediatric population and thus, extrapolation of data from adult studies should be undertaken when feasible. When a drug has specific, serious, dose-related toxicities or a narrow therapeutic index, dose-escalation studies should start at 80% of the RP2D for adults, and trial efficiency should be increased by using new dose-escalation models, such as CRM or BLRM. The addition of expansion cohorts can provide preliminary evaluation of therapeutic activity, enabling the selection of drugs for further randomized multi-arm
